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morbidity in infants and young children. In these young
children, weakness of the intercostal muscles, increased
compliance of the chest wall, horizontal orientation of
the rib cage, recumbent position, and mobile medi-
astinum may contribute to increased respiratory dis-
tress.19 Many of these children may require diaphrag-
matic plication to facilitate successful weaning from
mechanical ventilation.
We sought to determine the prevalence of diaphrag-
matic paralysis after cardiothoracic surgery in children,
associated risk factors, criteria for diaphragmatic plica-
tion, clinical impact, and prognosis for spontaneous
recovery of diaphragmatic function in a single institu-
tion’s current experience.
Methods
Study population. Between January 1985 and December
1997, a total of 10,395 cardiovascular surgical procedures
M any surgical advances have improved survivalrelated to congenital heart disease, and this had
been accompanied by trends toward performing surgi-
cal palliation or repair at younger ages. However, for
some complex lesions, outcomes continue to be less
optimal. Diaphragmatic paralysis resulting from injury
of the phrenic nerve during cardiothoracic surgery con-
tinues to occur.1-18 This complication can cause serious
Objectives: We sought to determine the prevalence and clinical impact of
diaphragmatic paralysis caused by phrenic nerve injury after cardio-
thoracic surgery in children. Methods: A search of cardiology, radiology,
and hospital databases identified 170 episodes of diaphragmatic paraly-
sis after cardiothoracic surgery in 168 children operated on from 1985
to 1997. Medical records were reviewed to determine demographics,
details of the operation and postoperative course, diagnostic features
and management of diaphragmatic paralysis, and follow-up status.
Results: The prevalence of diaphragmatic paralysis was 1.6% (95% con-
fidence interval 1.4%-1.8%). Median age at operation was 6 months
(range <1 day–14.4 years). Median time from the operation to the initial
investigation was 5 days (range <1 day-61 days), with 57% of patients
receiving mechanical ventilation at diagnosis. Diaphragmatic plication
was performed in 40% of the patients at a median interval from the ini-
tial investigation of 15 days (range 3 days–11.1 months). Significant
independent factors associated with increased postoperative hospital
stay were lower patient weight at operation, previous cardiothoracic
operations, bilateral diaphragmatic paralysis, increased interval from
operation to investigation, mechanical ventilation at the time of investi-
gation, and diaphragmatic plication. Confirmed recovery of diaphrag-
matic function was noted before hospital discharge in only 15 episodes.
Conclusions: Diaphragmatic paralysis complicating cardiothoracic
surgery continues to occur in the current era, with a significant impact
on morbidity. Smaller patients with bilateral hemidiaphragmatic paral-
ysis, requiring mechanical ventilation, may represent a higher risk sub-
group to target for increased diagnostic suspicion and more aggressive
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were performed at the Hospital for Sick Children. All patients
with the diagnosis of postoperative diaphragmatic paralysis
caused by phrenic nerve injury were identified in the
Cardiology database of the Division of Cardiology and the
Radiology database of the Division of Radiology, The
Hospital for Sick Children, and were included in the present
study. The diagnosis was verified in the medical records for
all patients, and patients who were coded incorrectly and did
not have phrenic nerve injury after cardiothoracic surgery
were excluded.
Measurements. The cardiology and hospital records for all
patients were reviewed. Data collected included demograph-
ics, anatomic diagnosis, details of the operation and postop-
erative course, diagnostic features and management of
diaphragmatic paralysis, and follow-up data.
Data analysis. Data are described as frequencies, medians
with ranges, and means with standard deviations. In cases in
which data are missing, the number of non-missing values is
given. In all statistical analyses, age and weight at operation,
the intervals from the operation to the first confirmatory
investigation and hospital discharge, and the interval from
first confirmatory investigation to diaphragmatic plication
were analyzed with a log transformation. Factors associated
with diaphragmatic paralysis were sought with c 2 tests and
Kruskal-Wallis analysis of variance. Factors associated with
status at initial diagnostic investigation and with diaphrag-
matic plication were tested with Fisher’s exact tests, c 2 tests,
Kruskal-Wallis analysis of variance, t tests, and analysis of
variance. Independent factors associated with time to final
extubation in those patients who were receiving mechanical
ventilation at the time of first investigation were explored in
the Cox proportionate hazard regression modeling. Inde-
pendent factors associated with length of postoperative hos-
pital stay were explored in the Cox proportionate hazard
regression modeling. SAS version 6.12 software (SAS
Institute, Inc, Cary, NC) was used to perform all statistical
analyses by means of default settings.
Results
Prevalence of diaphragmatic paralysis. From the
cardiology and radiology databases, 170 episodes of
diaphragmatic paralysis after cardiothoracic operations
were identified and verified in 168 patients operated on
between January 1985 and December 1997 at The
Hospital for Sick Children, Toronto. Two patients had 2
different episodes of diaphragmatic paralysis. Over the
study period, 10,395 cardiothoracic operations were
performed, with a prevalence of diaphragmatic paraly-
sis of 1.6% (95% confidence interval [CI] 1.4%-1.8%).
Six surgeons performed the operations, with preva-
lences of 0.3%, 1.1%, 1.2%, 1.2%, 1.9%, and 2.2%.
The operations were divided into mechanistic cate-
gories as follows, with many procedures falling into
more than 1 category. Categories and the prevalence of
diaphragmatic paralysis are as follows: systemic–pul-
monary arterial shunt placement or takedown, 3.0%;
placement or takedown of a systemic venous–pul-
monary artery connection, 3.9%; intracardiac surgery
including closure of septal defects or repair of atri-
oventricular valves, 1.7%; repair, resection, banding,
patching, or conduit placement in the right ventricular
outflow or main pulmonary artery, 2.2%; arterioplasty
of the branch pulmonary arteries, 3.3%; repair, resec-
tion, or patching in the left ventricular outflow or aor-
tic arch, 1.7%; correction of pulmonary venous anom-
alies, 2.0%; and miscellaneous repairs such as cardiac
transplantation and elimination of isolated patent duc-
tus arteriosus, 0.9%. Diaphragmatic paralysis was
more prevalent in those patients who had had prior car-
diothoracic operations (2.8%) than in those who had
not (1.3%; P < .001). The prevalence increased signif-
icantly with time, with a prevalence of 1.2% (95% CI
0.9%-1.5%) from 1985 to 1990, increasing to 1.8%
(95% CI 1.5%-2.2%) from 1991 to 1997 (P = .006).
Patients with, versus without, diaphragmatic paralysis
were significantly younger at operation (median 5.6
months, range 1 day–14.4 years, versus median 13.3
months, range <1 day–21 years; P < .001) and had
longer postoperative hospital stays (median 26 days,
range 5 days–7.1 months, versus median 10 days, range
<1 day–1.8 years; P < .001).
Study subject characteristics. The patients com-
prised 98 boys and 70 girls (n = 168). Two patients had
more than 1 episode of diaphragmatic paralysis. One
patient with pulmonary atresia had right-sided
diaphragmatic paralysis after a right thoracotomy for
placement of an arterial shunt and required diaphrag-
matic plication. Subsequently, during complete repair
through a median sternotomy, a left-sided paralysis
developed, which required a plication. The other
patient with truncus arteriosus had right-sided
diaphragmatic paralysis after median sternotomy for
complete repair, with documented recovery of func-
tion. Subsequently, during conduit replacement, bilat-
eral paralysis developed and necessitated plication.
The median age at operation at the time of the
episode was 6 months (range <1 day–14.4 years) with
a median weight of 6.0 kg (range 0.69-38 kg). The sur-
gical approach was through a median sternotomy in
134 episodes (79%), thoracotomy in 35 (21%), and
both approaches in 1 episode. Of note, 2 operations
with right-sided thoracotomy were associated with left-
sided diaphragmatic paralysis, and 1 operation with
left-sided thoracotomy was associated with right-sided
diaphragmatic paralysis. We were unable to attribute
this to any intravenous line placement or other invasive
procedure, and we speculate that the phrenic nerve
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injury may have been due to traction on contralateral
structures. Fibrous adhesions were reported to be pre-
sent in 67 episodes (39%), and previous cardiothoracic
surgical procedures had been performed in patients
having 83 episodes (49%), with 36 episodes (21%)
related to more than 1 prior cardiothoracic operation.
Diagnosis of diaphragmatic paralysis. The reasons
for suspicion of phrenic nerve injury and diaphragmat-
ic paralysis (n = 167) included failure to wean from
mechanical ventilation in 85 episodes (51%), the pres-
ence of an elevated hemidiaphragm on chest x-ray film
in 85 (51%), signs of respiratory distress in 18 (11%),
an asymmetric breathing pattern in 9 (5%), paradoxic
movement of the epigastrium in 7 (4%), tachypnea in 5
(3%), recurrent pneumonia in 2 (1%), and recurrent
unilateral lung collapse in 1 episode (<1%). In 2
episodes diaphragmatic paralysis was suspected
because the phrenic nerve had been manipulated during
the cardiothoracic operation. The method by which the
diagnosis of diaphragmatic paralysis was made (n =
167) was clinical signs and chest radiography only in 15
episodes (9%), with confirmation by ultrasound imag-
ing only in 135 (81%), fluoroscopy only in 5 (3%), and
both ultrasound and fluoroscopy in 12 episodes (7%).
The date of diagnosis was taken as the date of the first
confirmatory test (ultrasound or fluoroscopy) or, in a
minority of episodes, the date the diagnosis was first
recorded in the medical record for those patients who
did not have a confirmatory test. The median time from
the operation to the first diagnostic investigation was 5
days (range <1 day–61 days). 
Characteristics of diaphragmatic paralysis.
Diaphragmatic paralysis occurred on the left side in 82
episodes (48%), right side in 78 (46%), and bilaterally
in 10 episodes (6%). In those episodes with ultrasound
or fluoroscopic imaging (n = 154), the motion of the
affected hemidiaphragm was absent in 78 (51%) and
paradoxic in 76 episodes (49%).
Status at the time of initial investigation. Status at
the time of initial diagnostic investigation (n = 159)
was mechanical ventilation in the intensive care unit in
91 episodes (57%), extubated but receiving supplemen-
tal oxygen in the intensive care unit in 32 (20%),
receiving supplemental oxygen in the ward in 24
(15%), and breathing room air in the ward in 12
episodes (8%) (Fig 1). Patients supported by mechani-
cal ventilation versus those breathing spontaneously
were significantly younger at operation (median age
3.4 months, range <1 day–11.4 years, versus 8.0
months, range 2 days–14.4 years; P = .03), with lower
weights (median 4.1 kg, range 1.3–38.0 kg, vs 7.4 kg,
range 2.0-37.1 kg; P = .002). 
Diaphragmatic plication. At our institution patients
with an initial diagnosis of diaphragmatic paralysis
may undergo a variable period of medical observation
and respiratory management at the physicians’ discre-
tion before being considered for plication; criteria to
define failure of this expectant strategy were not stan-
dardized. A total of 68 patients (40%) were managed
with diaphragmatic plication, which was performed at
a median interval of 21 days (range 6 days–11.2
months, n = 66) after the operation and at a median
interval of 15 days (range 3 days–11.1 months, n = 65)
after the initial diagnosis of diaphragmatic paralysis.
One patient underwent diaphragmatic plication during
the initial operation when it was believed that the
Fig 1. State at initial diagnosis, management, and outcomes of diaphragmatic paralysis. *Includes 1 patient who
required reintubation and mechanical ventilation, who was subsequently extubated after diaphragmatic plication.
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phrenic nerve had been transected, with confirmation
of diaphragmatic paralysis 7 days after the operation.
At the time of plication, 50 (77%) of 65 of these
patients were receiving mechanical ventilation, with a
median time to extubation of 4 days (range <1 day–65
days) after plication. Recorded reasons for plication
included failure to wean or prolonged duration of
mechanical ventilation in 56 patients (7 of whom were
eventually extubated before plication was performed),
presence of respiratory distress in 10, markedly elevat-
ed hemidiaphragm on chest x-ray film in 3, low trans-
cutaneous oxygen saturations in 2, presence of chronic
reactive airway disease in 1, persistent pleural effusions
in 1, and known transection of the phrenic nerve at the
initial operation in 1 patient. 
Factors associated with diaphragmatic plication.
Since no standard protocol was in place to guide man-
agement after the diagnosis of diaphragmatic paralysis,
characteristics were compared between patients who
underwent plication versus those who had ongoing
medical management (Table I) to determine patient
selection biases regarding decisions to plicate. Patients
who underwent diaphragmatic plication were operated
on earlier in the experience, were significantly
younger, weighed less, and were more likely to have
been receiving mechanical ventilation in the intensive
care unit at the time of the initial diagnostic investiga-
tion. Plication was not significantly related to previous
operations or adhesions, the underlying type of opera-
tion that was performed, the interval from the operation
to the initial investigation, or the side or motion of the
affected hemidiaphragm. In those patients who had
diaphragmatic plication, the interval from diagnosis to
plication was not significantly related to the age or
weight at operation, a previous operation or adhesions,
side or state of diaphragmatic paralysis, interval from
the operation to diagnosis, or the length of the postop-
erative hospital stay. Patients who were receiving
mechanical ventilation at the time of initial investiga-
tion had a significantly shorter time from diagnosis to
plication (median 14 days, range 3-150 days) than
those who had been successfully extubated before pli-
cation (median 27 days, range 15-337 days; P = .002). 
Outcomes and impact of diaphragmatic paralysis.
There were 4 deaths before hospital discharge and an
additional 17 late deaths at a median interval after the
operation of 1.6 years (range 2.6 months–3.4 years).
Patients who died were more likely to have had
diaphragmatic plication (17/21, 81%) than those who
were survivors (51/149, 34%; P = .001). The 4 deaths
before hospital discharge all occurred in patients who
had had plication, 3 with subsequent successful extu-
Table I. Factors associated with diaphragmatic plication
Variable No plication (n = 102) Plication (n = 68) P value
Median (range) date of operation 9/1993 (7/1986–12/1997) 9/1990 (12/1984–5/1997) <.001
Median age at operation 8.0 mo (2 d–14.4 y) 2.3 mo (<1 d–7.0 y) .002
Median weight at operation 7.13 kg (0.69-38.0 kg) 4.08 kg (1.9-17.8 kg) .001
Number of previous operations
None 49 38 (44%)*
One 32 15 (32%)
More than one 16 15 (42%) >.2
Presence of adhesions
Absent 59 44 (43%)
Present 43 27 (36%) >.2
Median interval from operation to initial diagnostic test 5 d (n = 100, 1-61 d) 5 d (n = 67, <1-36 days) >.2
Status at initial diagnostic test
Mechanical ventilation in ICU 34 57 (63%)
Supplemental oxygen only in ICU 27 5 (16%)
Supplemental oxygen on ward 22 2 (8%)
Room air on ward 11 1 (8%) .001
Side of diaphragmatic paralysis 
Left hemidiaphragm only 51 31 (38%)
Right hemidiaphragm only 45 33 (42%)
Both 6 4 (40%) >.2
Motion of affected hemidiaphragm
Absent 56 30 (35%)
Paradoxic 40 37 (48%) .09
ICU, Intensive care unit.
*All percentages in parentheses represent the proportion of patients with that particular characteristic who underwent a diaphragmatic plication.
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bation from mechanical ventilation, and the cause of
death was related to the underlying cardiac condition.
None of the late deaths was related to the diaphragmat-
ic paralysis. For hospital survivors, the median time
spent in the intensive care unit (n = 163) was 11 days
(range, <1 day–103 days) and the median length of
hospital stay (n = 165) was 25 days (range 5-214 days).
The association of diaphragmatic plication with time
to final extubation was explored in those patients who
were receiving mechanical ventilation at the time of
initial investigation (n = 91) or who had been extubat-
ed before diagnosis but had not thrived and required
mechanical ventilation up to the time of their plication
(n = 1) (excluding those patients who had remained
extubated before their plication). The median time
from diagnosis to final extubation in those patients who
did not have plication was 7 days (n = 43, range 1-89
days) versus 19 days (n = 47, range 4-86 days) in those
who required plication before they could finally be
extubated. Of the patients who were receiving mechan-
ical ventilation up to the time of their plication, the
median time to final extubation after plication was 4
days (range 1-65 days). The interval from plication to
final extubation was not significantly related to the
interval from initial diagnosis to plication. Independent
factors associated with time to final extubation were
explored in the Cox proportionate hazard modeling for
those patients receiving ventilatory support at the time
of initial diagnosis or up to their plication. Significant
independent factors associated with a longer time to
extubation after initial diagnosis included diaphragmat-
ic plication (entered as a time-dependent explanatory
variable; P < .001), bilateral hemidiaphragmatic paral-
ysis (P = .004), and a longer interval from the operation
to the initial diagnosis (P = .03).
Independent factors associated with length of postop-
erative hospital stay were sought in the Cox propor-
tionate hazard modeling (Table II). Significant inde-
pendent factors associated with increased length of
postoperative stay were lower weight at operation, pre-
vious operations, bilateral diaphragmatic paralysis,
mechanical ventilation in the intensive care unit at the
time of investigation, increased interval from the oper-
ation to the initial investigation, and diaphragmatic pli-
cation (entered as a time-dependent explanatory vari-
able). After controlling for these factors, age and date
of operation, adhesions, and state of the affected
hemidiaphragm were not significantly independently
related to length of hospital stay. An additional analy-
sis was performed in only those patients who had pli-
cation. The length of postoperative hospital stay for
these patients was not significantly related to the inter-
val from initial diagnosis to plication (P = .89), after
controlling for weight at operation, previous opera-
tions, bilateral diaphragmatic paralysis, mechanical
ventilation in the intensive care unit at the time of
investigation, and interval from the operation to the ini-
tial investigation.
Recovery of diaphragmatic function. On follow-up
assessments of hospital survivors, including clinical
assessment, chest radiographs, ultrasound, fluoroscopy,
or cardiac catheterization (n = 147), recovery of
diaphragmatic function or a normal level of the
diaphragm was noted in the medical record in 37
episodes (25%); in 110 episodes we noted persistent
absence of diaphragmatic movement, paradoxic move-
ment, elevation, or eventration of the hemidiaphragm.
Only 15 occurrences of recovery, however, were con-
firmed with ultrasound or fluoroscopy, including 4
after diaphragmatic plication (confirmed 21, 36, 56,
and 392 days after plication). In the 11 episodes that
were not managed with plication, recovery was con-
firmed at a median interval of 14 days (range 6
days–5.2 years) after the cardiothoracic operation and
occurred before extubation from mechanical ventila-
tion in 4 episodes, before discharge from the hospital in
4, and after discharge from the hospital in 3 episodes.
Kaplan-Meier estimates of confirmed recovery before
hospital discharge or death without plication were
0.7% (95% CI 0%-2.0%) at 7 days after the operation,
Table II. Independent factors associated with increasing
length of postoperative hospital stay after cardiothoracic
surgery in patients with diaphragmatic paralysis*
Parameter estimate 
Variable (SE) P value
Lower patient weight at 0.6498 (0.2230) .003
operation (kg)†
Previous cardiothoracic operations –0.3438 (0.1498) .02
Degree of diaphragm 
involvement
Unilateral Reference category
Bilateral –1.1562 (0.3759) .002
Longer interval from operation to –0.6387 (0.1171) <.001
initial confirmatory 
investigation (days)†
Mechanical ventilation in ICU 
at initial investigation for 
diaphragmatic paralysis –1.7009 (0.2353) <.001
Diaphragmatic plication‡ –0.6686 (0.2230) .003
SE, Standard error; ICU, intensive care unit.
*From Cox’s proportionate hazard modeling; nonsignificant factors include
age at operation, adhesions, and state of the affected hemidiaphragm.
†Entered after logarithmic transformation.
‡Entered as a time-dependent explanatory variable.
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4.8% (CI 1.0%-8.6%) at 14 days, and 7.5% (CI 1.1%-
14%) at 1 month after the operation. In the Cox pro-
portionate hazard modeling, no factor was significantly
associated with confirmed recovery before hospital dis-
charge, including age and weight at operation, previous
operations or adhesions, the side and state of the para-
lyzed hemidiaphragm, and diaphragmatic plication
(entered as a time-dependent explanatory variable). 
Discussion
Prevalence of diaphragmatic paralysis. In our cur-
rent study, diaphragmatic paralysis occurred in 1.6% of
children after cardiothoracic surgery, similar to a previ-
ously published series from our institution with a
prevalence of 1.6% for procedures performed from
1974 to 1985.9 The reported prevalence in other retro-
spective studies varies from 0.3% reported by Stone
and associates10 to 5.7% reported by Smith and col-
leagues,8 although in the latter study only lateral thora-
cotomies were considered. Kunovsky and coworkers16
found a prevalence of 4.6% in their study, which
included all palliative and corrective cardiothoracic
operations.
A prevalence of 1.9% to 12.8%14,16,20 has been noted
in prospective studies. The higher prevalence noted in
prospective versus retrospective studies may have sev-
eral explanations, including increased surveillance in
prospective studies to detect asymptomatic cases by
routinely performing percutaneous phrenic nerve stim-
ulation to confirm the diagnosis of abnormal phrenic
nerve latency.14,15,20 Many children with abnormal
phrenic nerve latency do not have clinical symptoms,
which are often the criteria prompting investigation and
detection in retrospective series and some prospective
series. In clinical situations, diaphragmatic paralysis is
often first considered when clinical signs or respiratory
difficulties are present. Asymptomatic cases often are
first suspected when an elevated hemidiaphragm is
noted on a follow-up chest x-ray film. Although both
retrospective and prospective studies provide important
information concerning the clinical presentation and
impact of this complication, prospective studies with
routine screening give the best estimates of prevalence
and risk factors.
Relation to type of surgical procedure. The surgical
procedure that is most often associated with an increased
risk of phrenic nerve injury is the creation or takedown
of a systemic–pulmonary artery shunt (most commonly
a modified Blalock-Taussig shunt)2,6,8,9,13,16,18 Tonz and
colleagues18 reported that up to 19% of patients with
diaphragmatic paralysis had had a previous modified
Blalock-Taussig shunt. In our series, surgical procedures
involving creation or takedown of both arterial and
venous shunts, as well as surgical procedures on the
branch pulmonary arteries, were associated with the
highest prevalence of diaphragmatic paralysis.
Other factors associated with phrenic nerve
injury. Risk factors for phrenic nerve injury have been
suboptimally defined, but several factors have been
variously reported to increase the prevalence. Previous
cardiothoracic operations have been reported to
increase the risk.2,6,9,10,13,14,18 In our series, previous
cardiothoracic surgical procedures had been performed
in 49% of episodes, similar to the findings of Watanabe
and colleagues9 in an earlier series from our institution.
We also noted a relative risk of 2.2 for patients with
previous procedures. The higher risk related to repeat
operations is most likely related to technical difficulties
in dissection caused by fibrous adhesions surrounding
the phrenic nerve, increasing the difficulty of identify-
ing the different structures and thus making the nerve
more vulnerable to unintentional injury.2,9,10,13,14,21 In
our study, the presence of fibrous adhesions was report-
ed in 39% of episodes. Unnecessary or careless dissec-
tion in the proximity of the phrenic nerve should be
avoided.2,6,9,13,18,21 The use of electrocautery in the
direct vicinity of the phrenic nerve has also been
reported as a risk factor.2,6,9,10,13,16,21
Effect of patient age and weight on clinical impact.
Phrenic nerve injury is less well tolerated in infants and
small children than in older children.2,8-10,13,14,21,22
Several factors contribute to make younger children
more vulnerable to respiratory complication related to
loss of diaphragmatic function, including relative weak-
ness of the intercostal muscles, greater compliance of
the chest wall, the horizontal orientation of the rib cage,
and increased mobility of the mediastinum.19 Infants
prefer or are placed in a recumbent position, and this
reduces the vital capacity and, due to the small caliber
of the infant bronchial tree, facilitates retention of secre-
tions and bronchial obstructive debris. Paradoxic move-
ments of the diaphragm contribute to a decrease in pul-
monary compliance. However, our institutional
prejudice that children with paradoxic movement versus
absence of motion of the affected hemidiaphragm have
a more complicated clinical course was not confirmed
by our data.
Diagnosis of phrenic nerve injury. Diaphragmatic
paralysis should be suspected when there are unex-
plained difficulties in weaning the patient from mechan-
ical ventilation, when there is unexplained respiratory
distress or dependence on oxygen supplementation, or
when the patient has a persistently elevated hemidi-
aphragm on the chest x-ray film. In our study, the diag-
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nosis was confirmed with only ultrasound imaging in
135 episodes, only fluoroscopy in 5, and both ultra-
sound and fluoroscopy in 12 episodes. Many authors
have primarily used or advocate fluoroscopy as the
investigation of choice.2-6,8,10,22 In a previous retrospec-
tive study of 125 patients with diaphragmatic paralysis
from our institution, Watanabe and coworkers9 reported
that fluoroscopy was the only method used to confirm
the diagnosis in 101 patients, ultrasound only in 14, and
both fluoroscopy and ultrasound in 10 patients. More
recently, other authors12,16,17 have primarily used or
advocated ultrasound as the primary diagnostic method
because ultrasound is associated with diagnostic capa-
bilities similar to those of fluoroscopy, facilitates early
diagnosis at the bedside, involves no patient discomfort,
and is easy to repeat. The shift in confirmatory testing
from fluoroscopy to ultrasound at our institution reflects
the increasing preference for ultrasound, given that the
diagnosis can be confirmed in the intensive care unit,
without transfer of a potentially unstable patient to the
fluoroscopy suite.
Management of diaphragmatic paralysis. The
management of diaphragmatic paralysis remains con-
troversial. Some authors3,5,6,9,15-17,22 report that opti-
mal management involves an anticipatory approach
with long-term ventilatory support. Haller and col-
leagues3 concluded in their study that a trial of contin-
uous positive airway pressure breathing is the best
form of management. This approach can also function
as a critical differential test to identify the infants who
will benefit from diaphragmatic plication, with the
optimal period of observation being 4 to 6 weeks. We
did not assess the use of this therapy in our study.
Although most authors2,4-6,8-11,13,17,21,22 agree on the
role of diaphragmatic plication, there is controversy
regarding the optimal timing of the plication.
Bingham1 reported the first use of diaphragmatic pli-
cation as treatment for diaphragmatic paralysis in
1954 and stated that plication should be undertaken if
an infant should appear to be in a life-threatening situ-
ation. Affatato,21 Shoemaker,4 and their associates
reported that plication should take place as soon as the
diagnosis of diaphragmatic paralysis is confirmed.
Most authors,3,7,8,16,22 however, argue that it would be
best to withhold diaphragmatic plication for 2 to 3
weeks in anticipation of potential spontaneous recov-
ery of phrenic nerve function. Our study suggests that
the potential for confirmed recovery of diaphragmatic
function in this time period is very low and the deci-
sion to plicate should be based on the respiratory sta-
tus of the patient.
After plication, Shoemaker and coworkers4 demon-
strated a reduction in the duration of ventilatory sup-
port, with extubation possible within 6 days of plica-
tion. In our study, 19 patients underwent diaphragmat-
ic plication within 7 days of the initial diagnostic
investigation, with a median time to extubation of 4.5
days after plication (vs 4 days if plication was per-
formed after 7 days). Other reports provide evidence
that aggressive diagnosis and treatment reduce morbid-
ity, mortality, and duration of hospital stay.4,10 Plication
does not preclude recovery of diaphragmatic func-
tion,2,9,10,16,21 although van Onna and coworkers23
report delayed recovery in patients who had plication.
Our data suggest that plication was not significantly
associated with confirmed recovery of diaphragmatic
function before hospital discharge.
In our study, the patients who were managed with a
plication had surgery earlier in the experience, were
significantly younger, weighed less, and were more
likely to have been receiving mechanical ventilation in
the intensive care unit at the time of initial diagnosis.
Previous studies2-6,9,13,14,18,21 have suggested an age-
dependent management strategy for patients with
diaphragmatic paralysis, with plication particularly
recommended for younger patients. Nonetheless, no
randomized trials of management strategies related to
diaphragmatic paralysis and the optimal duration and
type of expectant management have been reported, and
the optimal patient selection criteria for plication are
unknown. Our data suggest that patients who under-
went diaphragmatic plication had longer postoperative
hospital stays (after controlling for available confound-
ing characteristics) unrelated to the duration of expec-
tant management from initial diagnosis to plication.
This might suggest that plication is associated with
increased morbidity, but since this was not a random-
ized trial, we cannot be certain that we have accounted
for important confounding characteristics. 
Significant independent factors associated with
increased length of postoperative hospital stay includ-
ed lower weight at operation, previous operations,
bilateral diaphragmatic paralysis, mechanical ventila-
tion in the intensive care unit at the time of the investi-
gation, increased interval from the operation to the ini-
tial investigation, and diaphragmatic plication. After
controlling for these factors, age of the patient, date of
the operation, adhesions, and state of the affected
hemidiaphragm were not significantly independently
related to length of postoperative hospital stay.
Although our results must be viewed in light of the lim-
itations of a nonrandomized retrospective analysis,
they may suggest that patients who are smaller, receiv-
ing mechanical ventilation, or who have bilateral paral-
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ysis may benefit from a more aggressive approach,
which may include earlier diaphragmatic plication.
Conclusions
Diaphragmatic paralysis caused by phrenic nerve
injury during surgical palliation or repair of congenital
heart disease continues to occur in the current era, with
important effects on morbidity. Randomized clinical
trials are needed to determine the role and optimal tim-
ing of diaphragmatic plication. Smaller patients with
bilateral hemidiaphragmatic paralysis, who require
mechanical ventilation, may represent a higher risk
subgroup to target for increased diagnostic suspicion
and more aggressive management; early spontaneous
recovery is rare.
R E F E R E N C E S
1. Bingham JAW. Two cases of unilateral paralysis of the diaphragm
in the newborn treated surgically. Thorax 1954;9:248-52.
2. Mickel JJ, Oh KS, Siewers RD, Galvis AG, Fricker FJ, Mathews
RA. Clinical implications of postoperative unilateral phrenic
nerve paralysis. J Thorac Cardiovasc Surg 1978;76:297-304.
3. Haller JA, Pickard LR, Tepas JJ, et al. Management of
diaphragmatic paralysis in infants with special emphasis on
selection of patients for operative plication. J Pediatr Surg 1979;
14:779-85.
4. Shoemaker R, Palmer G, Brown JW, King H. Aggressive treat-
ment of acquired phrenic nerve paralysis in infants and small
children. Ann Thorac Surg 1981;32:251-9.
5. Lynn AM, Jenkins JG, Edmonds JF, Burns JE. Diaphragmatic
paralysis after pediatric cardiac surgery: a retrospective analysis
of 34 cases. Crit Care Med 1983;11:280-2.
6. Hong-Xu Z, D’Agostino RS, Pitlick PT, Shumway NE, Miller
DC. Phrenic nerve injury complicating closed cardiovascular sur-
gical procedures for congenital heart disease. Ann Thorac Surg
1985;39:445-9.
7. Stewart S, Alexson C, Manning J. Bilateral phrenic nerve paraly-
sis after the Mustard procedure. J Thorac Cardiovasc Surg 1986;
92:138-41.
8. Smith CD, Sade RM, Crawford FA, Biemann-Otherson H.
Diaphragmatic paralysis and eventration in infants. J Thorac
Cardiovasc Surg 1986;91:490-7.
9. Watanabe T, Trusler GA, Williams WG, Edmonds JF, Coles JG,
Hosokawa Y. Phrenic nerve paralysis after pediatric cardiac
surgery. J Thorac Cardiovasc Surg 1987;94:383-8.
10. Stone KS, Brown JW, Canal DF, King H. Long-term fate of the
diaphragm surgically plicated during infancy and early child-
hood. Ann Thorac Surg 1987;44:62-5.
11. Langer JC, Filler RM, Coles JG, Edmonds JF. Plication of the
diaphragm for infants and young children with phrenic nerve
palsy. J Pediatr Surg 1988;23:749-51.
12. Ballaji S, Kunovsky P, Sullivan I. Ultrasound in the diagnosis of
diaphragmatic paralysis after operation for congenital heart dis-
ease. Br Heart J 1990;64:20-2.
13. Hamilton JRL, Tocewicz K, Elliot MJ, de Leval M, Stark J.
Paralysed diaphragm after cardiac surgery in children: value of
plication. Eur J Cardiothorac Surg 1990;4:487-91.
14. Mok Q, Ross-Russell R, Mulvey D, Shinebourne EA. Phrenic
nerve injury in infants and children undergoing cardiac surgery.
Br Heart J 1991;65:287-92.
15. Raine J, Samuals MP, Mok Q, Shinebourne EA, Southhall DP.
Negative extrathoracic pressure ventilation for phrenic nerve
palsy after paediatric cardiac surgery. Br Heart J 1992;67:308-11.
16. Kunovsky P, Gibson GA, Pollock JCS, Stejskal L, Houston A,
Jamieson MPG. Management of postoperative paralysis of
diaphragm in infants and children. Eur J Cardiothorac Surg 1993;
7:342-6.
17. Jekel L, Benatar A, Woolley S, van der Wal HJ. Diaphragmatic
paralysis after cardiac surgery in infants: Prolonged medical
management or surgical plication? Eur J Cardiothorac Surg 1994;
8:225.
18. Tonz M, von Segesser LK, Mihaljevic T, Arbenz U, Stauffer UG,
Turina MI. Clinical implications of phrenic nerve injury after
pediatric cardiac surgery. J Pediatr Surg 1996;31:1265-7.
19. Muller NL, Bryan AC. Chest wall mechanics and respiratory
muscles in infants. Pediatr Clin North Am 1979;26:503-16.
20. Ross-Russell R, Mulvey D, Laroche C, Shinebourne EA, Green
M. Bedside assessment of phrenic nerve function in infants and
children. J Thorac Cardiovasc Surg 1991;101:143-7.
21. Affatato A, Villagra F, de Leon JP, et al. Phrenic nerve palsy fol-
lowing pediatric cardiac surgery: role of diaphragmatic plication.
J Cardiovasc Surg 1988;29:606-9.
22. Schwartz MZ, Filler RM. Plication of the diaphragm for sympto-
matic phrenic nerve paralysis. J Pediatr Surg 1978;13:259-63.
23. van Onna IEW, Metz R, Jekel L, Woolley SR, van de Wal HJCM.
Post cardiac surgery phrenic nerve palsy: value of plication and
potential for recovery. Eur J Cardiothorac Surg 1998;14:179-84.
